The relation between vorticity and ionospheric flow patterns is investigated by using a fluid mechanics approach in place of the more customary electromagnetic approach. The focus on the fluid features is justified by the observation that in the incompressible limit appropriate to the ionosphere, vorticity can be regarded as the source of the flow field. We show how vorticity can be introduced into the flow by local ionospheric conditions. However, in the cases of greatest interest, the vorticity is imposed by external sources, which can be in the magnetosphere or in the solar wind. As an important application, we consider traveling ionospheric vortices propagating around the polar cap boundary. We show that such traveling disturbances transport both momentum and magnetic flux in the direction of their phase velocity, typically antisunward. Like other intermittent disturbances of small scale, such as flux transfer events, individual traveling ionospheric vortices transport relatively little flux, but multiple disturbances could conceivably transport an important fraction of the polar cap magnetic flux from the dayside to the tail.
INTRODUCTION
In the past few years there has been increasing interest in the existence of large-scale traveling vortex structures which move tailward in the vicinity of the polar cap boundary. The initial reports [Todd et 
APPROACH AND PURPOSE OF PAPER
In this paper we develop a simple theoretical model for understanding the relationship between vorticity and ionospheric flow patterns using a mechanical approach instead of the usual electromagnetic approach. We then use the formalism to compute the transport associated with TIVs in the high latitude ionosphere, a problem that is rather straightforward in fluid mechanics but would be fairly obscure if tackled as an electromagnetic problem.
Ionospheric vorticity and field-aligned currents are intimately linked as has been described repeatedly [Hasegawa and Sato, 1979; Sato, 1982; Vasyliunas, 1984] . The fundamental role of field aligned currents in the coupling between the ionosphere and the magnetosphere is also well established [e.g., Vasyliunas, 1972,] . In an earlier work , we elaborated on the ionospheric vorticity specifically as a response to field aligned currents. Here we consider ionospheric flows in a more general sense.
A particularly simple flow regime analyzed in standard fluid mechanics texts is the incompressible limit (V. u =0). The flow induced in the Earth's ionosphere is very similar in that it must be magnetically incompressible; from this it follows that the flow perpendicular to the magnetic field is also incompressible. This is because the earth's field strength is so high that the ionospheric flow cannot significantly compress the Earth's magnetic field. Vorticity plays a very basic role in incompressible hydrodynamic flow. In a two dimensional flow, the magnitude of the Laplacian of the streamfunction is equal to the magnitude of the vorticity. The relationship between vorticity and flow in an incompressible flow is exactly analogous to the relation between electrical current and magnetic field. Thus the vorticity can be seen as the source of the flow field. With these ideas in mind, we derive a vorticity equation for a simple model ionosphere. The equation shows that in the absence of external sources, vorticity is conserved following the motion of the plasma. It also shows how vorticity is put into the flow by the local ionospheric conditions and how it is put in from higher altitude.
As a simple but important application of our approach, we examine the momentum and flux transfer in TIVs. We show that a TIV carries momentum in the direction of travel. What is remarkable is that by determining the speed of travel of TIVs in the ionosphere and the speed of their eddy motion one can quantify their effectiveness for transport without needing to specify what high-altitude magnetospheric process generates them. The observed TIVs typically move in the antisolar direction. Our work implies that diverse boundary perturbations can serve as a momentum source for the ionosphere and at the same time contribute to antisolar flux transfer provided only that they drive vorticity in the ionosphere. A corollary of our work is that, as both pressure drops and pressure jumps have been predicted to excite antisolar traveling vortices, both transfer tailward momentum to the ionosphere and lead to flux transport to the magnetotail (a point originally made by Dessler [1964] ). The types of pressure changes in the solar wind that we have in mind are of order 115PI/P--0.3, capable of displacing the subsolar magnetopause by of order 0.5 RE and typical changes take place in 5 to 10 minutes.
THE VORTICITY EQUATION
As our prime purpose is to set up a simple model for use in high latitudes where the magnetic field is nearly vertical, we model the ionosphere as flat with a vertical magnetic field. Generalization to a tilted field is straightforward but there is much simplification in presentation if we use the assumption. The high-latitude ionosphere is modeled as a thin collisional layer of thickness h, threaded by a magnetic field B = Bo•. We treat only the horizon- In other words, the field is so strong that only magnetically incompressible flows are possible. However, by virtue of our assumption that the ionospheric plasma is confined to a thin sheet in the vertical direction, the condition also implies that the plasma is not compressed in the flow.
We next derive a momentum equation. In practice the high latitude ionosphere is driven by flow imposed from above, from the magnetosphere or even the solar wind. The momentum is conveyed along the field primarily electromagnetically. The magnetic flux of transverse momentum into the thin layer is • B/go where AB is a transverse horizontal field perturbation just above the ionospheric layer. Including the vertical magnetic momentum flux, assuming that all the momentum is is absorbed in the layer, gives
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where AB is a transverse field displacement at the top of the layer and where it should be noted that the horizontal gradient in B2/go is that due to local ionospheric current flow and not, as remarked earlier, due to variation in the background dipole field. We have ignored the plasma pressure gradient in (7); this can also be neglected relative to magnetic forces in the momentum equation because in the ionosphere 13 (the ratio of thermal to magnetic pressure) is small. The curl of equation (7) the flow in the ionosphere. The localized deceleration sets up ionospheric vorticity, but as no j xB forces are required to slow the plasma, there is no need to drive field-aligned current. However, the ionospheric vorticity couples into the magnetosphere or the solar wind, and it is the conditions of the external load that determine whether or not field-aligned currents develop in the final steady state. As the incompressibility of the flow leads one to expect that in steady state there will be no gradients in 9 along the streamlines of the flow (in the absence of ionization sources) and as in such circumstances v is unlikely to vary much along the streamlines, one sees the equilibrium flow is one in which the momentum deposition is very uniform.
As In the Earth's ionosphere, the time scale ranges from tens of seconds to many minutes. This time scale is very much longer than the time 1/v we identified earlier for dissipating ionospherically generated vorticity. Thus, for example, Alfv6n waves carrying vorticity generated by an impulse in the magnetosphere or at its boundary make multiple bounces before damping out.
SOLVING FOR FLOW IN A HORIZONTALLY UNIFORM MODEL IONOSPHERE
If the terms on the left hand side of (13) are zero, that is, the ionosphere is sufficiently uniform and there is no field aligned current input, the equations governing the possible flow systems are V.u=0 and Vxu=0
In the nearly uniform case, these two equations represent continuity and the momentum equation, respectively, and thus should be capable of producing a unique flow pattern for a given set of boundary conditions. In a flow system governed by equation (18) It is also well known that i.n an infinite medium or a closed system with no boundaries (such as a thin spherical shell) the only solution of Laplace's equation is the trivial one with •, q0 const.ant, leading in either case to the solution, u = 0. For a nontrivial flow solution which closes everywhere or vanishes at large distances, one must have somewhere either the Laplacian of the stream function nonzero or the Laplacian of the velocity potential nonzero, The former condition corresponds to the vorticity being specified somewhere, the latter to there being a source of material somewhere. An alternative possibih'ty is to introduce a boundary in the flow on which inhomogeneous boundary conditions are specified. It tums out that in such a case the boundary conditions are equivalent to there being a source of vorticity or a source of material at the boundary.
MOMENTUM AND FLUX TRANSPORT BY TIVs
We next illustrate the use of the simple model developed so far by examining momentum and flux transport by TIVs.
We continue to regard the ionosphere as an incompressible medium. In such a medium, motion can be instantaneously de- 
TRANSPORT OF MOMENTUM BY TRAVELING I ONO S PH ERIC VORTIC ES
We consider a model in which the (two dimensional) plasma occupies a half space bounded by the line y = 0 which might be seen as representing the polar cap boundary. The essence of the TIV is its traveling nature and we represent this feature by linking the variation of the flow field in x (longitude) and t (time) to simulate the motion of a pattern along the direction of the boundary.
As vorticity is imposed from above, the curl and the divergence of the flow no longer satisfy equation (18) Figure 2b) . Accordingly in the nonlinear case, the radius of curvature of the orbit varies with y and a cycloidal motion develops as illustrated in Figure 2c .
An expansion of the integrand on the right hand side of equation (22) 
t auy(xo,yo,t'). The results derived are interesting but in many respects are very similar to equations based on an electrodynamic approach. However the usefulness of the approach is illustrated by the calculation that takes up the second half of the paper. Here we have derived a general result that any high altitude (that is, magnetospheric ) phenomenon that sets up a moving vortical flow must also transport both momentum and magnetic flux. The net momentum transport is in the direction of the phase motion which is not necessarily the local direction of motion of the plasma. Deriving the result using an electromagnetic formalism would have been possible, of course, but far harder to conceptualize.
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An immediate and important observational consequence of the discovery that traveling vortices must transport momentum and flux is that their transport properties can be deduced and monitored on the basis of data obtained from ionospheric flow measurements alone. The flux and momentum transport of a given disturbance do not depend on identifying the mechanism at high altitude whereby the motion is ultimately driven. 
